I. INTRODUCTION
The development of fuel-cell technologies based on hydrogen holds the promise of producing clean and renewable energy. An efficient and safe storage of hydrogen is crucial for the advancement of hydrogen energy economy.
1 Currently, a lot of effort has been devoted to engineer nanomaterials which can absorb hydrogen molecules with high gravimetric 2 ͑g d ͒ and volumetric density, but release the stored hydrogens easily in the course of consumption.
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Much work has focused on carbon-based materials such as nanotubes, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C 60 , 15, 16 metal hydrides, and metal-organic frameworks, 17, 18 titanium metallocarbohedryne, 19, 20 and polyacethylene. 21 The main obstacles in hydrogen storage are slow kinetics, poor reversibility, and high dehydrogenation temperatures for chemical hydrides. 17 Owing to their high surface-volume ratio, single-and multiwall carbon nanotubes appear to be suitable nanostructures for H 2 storage. It is now well established that the interaction between hydrogen molecule and bare carbon nanotube or graphite surface is too weak, so that the absorbed molecules cannot remain attached at ambient temperature. 13 In contrast, transition-metal ͑TM͒ atoms, such as Pt and Pd, can bind multiple H 2 molecules. 13 Under certain circumstances, the adsorbed H 2 can even dissociate and make strong TM-H bonds. From state-of-the-art first-principles calculations, it has been revealed that a single Ti atom adsorbed on a ͑8,0͒ zigzag single-walled carbon nanotube ͑SWNT͒ can strongly bind up to four H 2 molecules.
14 At high Ti coverage it is found that a ͑8,0͒ SWNT can store hydrogen molecules up to g d = 0.078 ͑or ϳ8 wt %͒, exceeding the minimum requirement of 6 wt % set for practical applications. Similarly, it has been found that single Ti atom adsorbed on C 60 can bind up to four hydrogen molecules yielding up to ϳ8 wt % hydrogen storage in case of full Ti coverage. 15, 16 However, it is argued that the storage capacity and hence the reversibility of the system are decreased because of the tendency of dimerization of Ti atom at high coverage. 22 Very recently, it has been shown that a small molecule such as ethylene ͑C 2 H 4 ͒ can be complexed by light TM atoms to form an important basis for efficient and high-capacity medium for H 2 coverage. 23 In this paper, we extended the earlier work published as a short letter 14 to other carbon-based structures functionalized by TM atoms such as Sc, Ti, and V. We considered carbonbased structures in three different types of geometry; onedimensional ͑1D͒ linear carbon atomic chain C n ͑n being the number of carbon atoms in the chain͒, two-dimensional ͑2D͒ graphene, and tubular SWNT with relatively larger radius. To increase the storage capacity further, we examined the possibility of H 2 uptake of a single TM atom adsorbed on the inner wall of the ͑12,0͒ SWNT. We found that two light TM atoms can be adsorbed concomitantly to external ͑convex͒ and internal ͑concave͒ walls of a SWNT, and they can hold up to eight H 2 molecules at the same time. This result indicates a significant raise of the gravimetric density of H 2 stored by SWNTs. Remarkably, two Ti atoms each capping one free end of a linear segment of carbon atomic chain C n to form Ti-C n -Ti complex can hold up to ten H 2 and attain a storage capacity of 14.4 wt % for n = 2. Two light TM atoms adsorbed on both sides, namely, one adsorbed above and the other below the center of a same hexagonal site, can bind up to eight H 2 molecules. This way a stable ͑2 ϫ 2͒ pattern can be formed with the storage capacity of 7.8 wt %. The tendency for dimerization of TM atoms at high coverage has been examined for SWNT as well as graphene. Our results are of particular importance, since graphene has been synthesized recently and its properties have been a growing subject of interest.
The paper is organized as follows: In Sec. II we describe the computational method that we used in this study. In Sec. III we study linear carbon chain-TM interactions and their hydrogen absorption properties. We discuss hydrogen absorption properties of TM decorated graphene layer in Sec. IV. The adsorption of TM atoms on the external and internal walls of the ͑12,0͒ SWNT and their hydrogen uptake is discussed in Sec. V. The energetics associated with the dimerization of Ti atoms, which are adsorbed on graphene or SWNT surface, is investigated in Sec. VI. Our conclusions are summarized in Sec. VII.
II. METHOD
We have performed first-principles plane-wave calculations 24, 25 within density functional theory 26 using ultrasoft pseudopotentials. 25, 27 The exchange correlation potential has been approximated by generalized gradient approximation ͑GGA͒ using PW91 functional 28 29 All structures have been treated within a supercell geometry using the periodic boundary conditions. A spacing ϳ10 Å between nearest TM atoms in adjacent cells has been left to prevent structures from their coupling. In the selfconsistent potential and total energy calculations the Brillouin zone of graphene and SWNT is sampled in the k space within Monkhorst-Pack scheme 30 by ͑12ϫ 12ϫ 1͒ and ͑1 ϫ 1 ϫ 15͒ ͓͑1 ϫ 1 ϫ 11͒ for double cell͔ mesh points, respectively. A plane-wave basis set with kinetic energy of 350 eV has been used. All atomic positions and lattice parameters are optimized by using the conjugate gradient method where total energy and atomic forces are minimized. The convergence for energy is chosen as 10 −5 eV between two ionic steps, and the maximum force allowed on each atom is 0.05 eV/ Å.
III. LINEAR CARBON CHAIN
The simplest carbon-based structure, namely, a 1D, finitesize carbon chain, C n , has been synthesized 31, 32 recently and studied extensively. 33 Earlier, it has been shown that a segment of carbon chain comprising n atoms has a stable and linear structure owing to the double bonds between two adjacent C atoms. 33 Its ideal and periodic form is metallic with conductance G =4e 2 / h. Here, we first investigate Ti-C 5 finite structure ͑one end of the carbon chain is capped with Ti, while the other end is left free and ready to be attached to any other structure having high surface to volume ratio like a SWNT͒. We found that the interaction between Ti and C 5 is quite strong and has the binding energy 34 E b = 4.1 eV. Here, Ti atom can absorb up to five H 2 molecules with an average binding energy of 0.42 eV ͓see Fig. 1͑a͔͒ . The ground state of Ti-C 5 is magnetic with =4 B , but it becomes nonmagnetic when the Ti atom is saturated by five H 2 molecules. Another absorption state with a comparable total energy is the configuration where the first H 2 is dissociated but the remaining four H 2 are molecularly adsorbed with H-H bonds slightly elongated to ϳ0.8 Å.
As an alternative structure, we now consider another Ti atom that saturates the free end of Ti-C n to form Ti-C n -Ti. Then, this complex can absorb altogether ten H 2 molecules and has g d =20M H / ͑nM C +2M Ti +20M H ͒ in terms of the atomic mass of hydrogen ͑M H ͒, carbon ͑M C ͒, and titanium ͑M Ti ͒. As shown in Figs. 1͑b͒ and 1͑c͒ , the gravimetric density of stored H 2 molecules becomes g d = 0.133 and 0.144 for n = 3 and n = 2, respectively. Apart from C atoms which are bound to Ti atoms at both ends, C atoms in the chain can also interact strongly with free H 2 molecules at close proximity and dissociate them to form C-H bonds. However, further functionalization through Ti atoms bridging other C v C bonds makes the chain unstable. This is due to fact that small separation between Ti atoms leads to stronger Ti-Ti coupling. At the end, linear chains are transformed to the clusters composed of C and Ti atoms.
Similar results are also obtained for Sc and V. For example, single V attached to a free end of the linear C n can absorb also up to five H 2 molecules with an average binding of 0.57 eV. Since V is heavier than Ti, the calculated storage capacity is slightly reduced to 8.3 wt %. In closing, we note that the synthesis of C n with controlled n may not be feasible with today's technology; the present study is nevertheless valuable for the exploration of high-storage capacity medium based on small TM-C clusters.
IV. GRAPHENE
Graphene, a single atomic layer of graphite, has a 2D hexagonal lattice. Hexagons form a "honeycomb" structure, since the primitive unit cell has two carbon atoms as basis. Earlier, graphene has been known as the atomic plane of graphite and also as the 2D lattice of C atoms which forms SWNT when it is wrapped on a cylinder. Recently, single graphene has been synthesized. The behavior of electrons as Dirac fermion with exceptional transport properties and also other properties has made graphene as the current subject of interest. 35 Since individual graphene has been synthesized, its capacity of H 2 absorption should be as interesting as carbon nanotubes or fullerenes. We consider a ͑2 ϫ 2͒ unit cell ͑supercell͒ and one Ti atom is adsorbed above the center of a hexagon of carbon atoms in this unit cell. This pattern corresponds to the projection of the Ti decoration on the curved surface of ͑8,0͒ SWNT used as low Ti coverage in Ref. 14. Accordingly, there is only one Ti per eight C atoms specified as C 8 ͑TM͒ in the ͑2 ϫ 2͒ unit cell as shown in Fig. 2͑a͒ . The nearest Ti-Ti interaction on this planar geometry is smaller than that on the curved geometry. The spin-polarized calculations show that Ti-graphene interaction is quite strong with a binding energy of 1.27 eV per Ti atom. 36 Note that E b calculated for graphene is smaller than that is calculated for carbon nanotube ͑see the next section and Refs. 37 and 38 due to curvature effect͒. 8 Each Ti atom in Fig. 2͑a͒ can bind up to four H 2 molecules and hence g d =8M H / ͑8M H +8M C + M Ti ͒ becomes 0.053. Interestingly, another Ti atom can be attached below the center of the same hexagon just below the first Ti as illustrated in Fig. 2͑b͒ . The binding energy of the second Ti atom is relatively smaller ͑E b = 1.17 eV͒. We found that this decoration of graphene by Ti atoms above and below the atomic plane to form a ͑2 ϫ 2͒ pattern is stable. As H 2 molecules are attaching one by one to these Ti atoms above and below, dissociation of H 2 did not occur. Each Ti atom absorbs up to four H 2 with an average binding energy of 0.35 eV per H 2 . Hydrogen molecules are distributed almost symmetrically around Ti atoms with an average distance of 1.97 Å. The fifth H 2 escaped without forming a physisorption bond with Ti. In this particular geometry the interaction between Ti and six C atoms at the close proximity limits the storage capacity to
Similar results are obtained by replacing Ti with either Sc or V. The binding energy of Sc ͑V͒ adsorbed at the hexagonal sites is calculated to be 1.49 ͑0.95͒ eV. If two Sc ͑V͒ atoms are adsorbed above and below the center of the same hexagon keeping a ͑2 ϫ 2͒ pattern, the binding energy of the second atom is 1.69 ͑0.73͒ eV. It appears that E b decreases with increasing atomic number of adsorbed TM atom. Each Sc ͑V͒ atom can bind up to four H 2 molecules with an average binding energy of 0.17 ͑0.33͒ eV per H 2 and approximate storage capacity of 8.0 ͑7.5͒ wt %. The origin of this unusual binding of four H 2 molecules for each TM atoms is explained by well-known Dewar 39 coordination and Kubas 40 interaction. The TM atoms are chemically bonded onto graphene through hybridization of lowest unoccupied molecular orbital with TM d orbitals ͑i.e., Dewar coordination͒. The resulting complex then binds multiple hydrogen molecules through hybridization between H 2 -* antibonding and TM d orbital ͑i.e., Kubas interaction͒. Similar binding occurs for light TM atoms adsorbed on SWNT.
V. SINGLE-WALL CARBON NANOTUBE
In Ref. 14 we have considered Ti covered ͑8,0͒ SWNT as a medium of high-capacity hydrogen storage. Here we will address the question how the radius, r, of a SWNT affects the storage capacity. To this end, in the previous section we treated the graphene corresponding to a SWNT with infinite radius. In this section we will consider the ͑12,0͒ zigzag SWNT, which has a radius larger than that of ͑8,0͒ tube. Larger radius also allows us to examine whether a Ti atom can be adsorbed on the internal wall of the SWNT, and whether this Ti atom by itself can bind H 2 molecules.
We first answer to the question whether the radius of a nanotube affects the binding of Ti atoms. We found that the Ti atom favors the hexagonal site ͑above the center of the hexagon͒ and its binding energy was calculated to be 1.54 eV. Although the favorable adsorption site is the same for both ͑8,0͒ and ͑12,0͒ tubes, the binding energy of the latter ͑having larger radius, r = 4.7 Å͒ is approximately 0.6 eV smaller than that of the ͑8,0͒ tube 37, 38 having r = 3.2 Å. This curvature effect is expected, since C 2p and Ti 3d hybridizations are enhanced at small radius. The variation of the binding energy with radius is significant at small radius, but converges to zero as radius increases. The binding energy of Ti decreases from 2.2 to 1.27 eV as the radius increases from r = 3.2 Å to infinity.
We found that Ti atom that is adsorbed externally on the ͑12,0͒ SWNT surface can bind up to four H 2 in two different configurations ͑or absorption state͒. Both configurations have comparable total energies. In the first configuration, the first H 2 is dissociated to form two strong Ti-H bonds with a H-H distance much larger than that of H 2 . The remaining three H 2 are molecularly absorbed with slightly elongated H-H distance. According to the second configuration, four H 2 molecules are absorbed around Ti symmetrically with an average binding energy of 0.56 eV per H 2 as described in Ref. 14. However, the total energy of the first configuration is 20 meV lower ͑more energetic͒ than that of the second one. This situation was reversed in the case of ͑8,0͒ SWNT, 14 perhaps due to curvature effect. Nevertheless, the energy difference is small and is within the accuracy limits of the present calculations. The atomic configuration is illustrated in Fig. 3͑a͒ . To test the stability of the geometry we displaced Ti+ 4H 2 ligand in the direction perpendicular to the wall of SWNT and also towards the C-C bond from the center of hexagon. After relaxation, displaced structures have returned to their initial equilibrium geometry.
It is noted that the average binding energy of four H 2 kept by a single Ti atom adsorbed on a ͑12,0͒ zigzag tube is found to be close to that calculated for the ͑8,0͒ tube. 14 We now examine the adsorption of a single Ti atom on the internal wall of SWNT. The binding interaction between Ti and SWNT is quite strong and results in a binding energy of 
1.57 eV. Like the external case, internally absorbed Ti can bind also up to four H 2 but with a relatively weak binding energy of 0.27 eV. The binding configuration is shown in Fig. 3͑b͒ . Dissociation of H 2 did not occur even for the first molecule.
Next, we consider two Ti atoms adsorbed on the wall of the ͑12,0͒ SWNT at the same time; while one Ti is adsorbed externally above the center of the hexagon of carbon atoms ͑Ti ex ͒, the other Ti is adsorbed internally below the first one ͑Ti in ͒. The average binding energy per Ti atom is close to the case of adsorption of single Ti atom. In this case, a total of seven H 2 are absorbed ͑Ti ex binds up to four H 2 , and Ti in binds only three H 2 ͒, if the first H 2 molecule attached to Ti ex is dissociated. Otherwise, up to eight H 2 can be absorbed ͑four H 2 by Ti ex and four H 2 by Ti in , if all H 2 are placed around Ti atoms with well-defined symmetry as shown in Fig. 3 .
Vanadium atom can be adsorbed externally above the center of hexagon on the wall of SWNT with binding energy of E b = 0.93 eV. It can bind up to four H 2 with an average binding energy of 0.46 eV per H 2 , if one of hydrogen molecules is dissociated. Otherwise, up to five H 2 can be molecularly absorbed with an average binding energy of 0.40 eV per H 2 , if all molecules are placed around V with a well-defined symmetry. 41 The binding energy of the last ͑fifth͒ H 2 is calculated as 0.16 eV. The atomic configurations of absorbed H 2 molecules and V atoms are shown in Figs. 3͑d͒-3͑f͒ . We note that the distance between SWNT and adsorbed V atom d V-C increases as more H 2 are bound to V due to more charge transferred from C-Ti bond to V + H 2 bonds. This brings up the question of instability at high gravimetric density. To check the stability, we first pull the V + 5H 2 ligand from the surface of SWNT to 2.9 Å. Upon relaxation of the structure, the V + 5H 2 ligand has returned to its original, equilibrium structure. The energetics and relevant data for the atomic structure for H 2 held by TM atoms adsorbed on carbon-based structures are summarized in Table I .
It should be noted that as shown in this section light TM atoms can be bound concomitantly to the external as well as to the internal wall of SWNT beyond a certain radius. For smaller radius, the increased coupling between nearest neighbor Ti atoms leads to dimerization of Ti atoms. This is an undesired situation. For example, Ti clusters form inside the ͑12,0͒ tube for coverages of TM specified as C 4 ͑TM͒ and C 8 ͑TM͒. For relatively more dilute internal coverage of four Ti and two Ti per unit cell, the probability of clustering decreases. The storage capacity can be calculated for two different uniform coverage of TM externally adsorbed on SWNT; namely, C 8 ͑TM͒ and C 4 ͑TM͒. The low uniform coverage corresponds to ͑2 ϫ 2͒ pattern on graphene where one hexagonal site is left unoccupied between two adsorbed TM atoms. For external adsorption of TM atoms, g d =8M H / ͑8M H +8M C + M TM ͒ is calculated to be 0.054, 0.053, and 0.052 for Sc, Ti, and V, respectively. If both external adsorption with C 8 ͑TM͒ and internal adsorption with C 16 ͑TM͒, one finds g d =80M H / ͑80M H +48M C +10M TM ͒ to be 0.072, 0.071, and 0.069 for Sc, Ti, and V.
For the high external coverage of TM atoms, namely, C 4 ͑TM͒ ͑where 12 Ti atoms are adsorbed on 12 hexagonal sites forming a ring perpendicular to the tube axis, but leaving a ring of empty hexagonal sites between the adjacent Ti rings͒, g d =8M H / ͑8M H +4M C + M TM ͒ is calculated to be 0.080, 0.078, and 0.075 for Sc, Ti, and V, respectively. These are the common value for ͑n ,0͒ zigzag and ͑n , n͒ armchair nanotubes. In the next section, we will show that in C 4 ͑Ti͒ coverage two adjacent Ti atoms favor the dimerization which reduces the storage capacity. If five H 2 absorption by Sc and V is considered, g d is calculated to be 0.098 and 0.092 for Sc and V, respectively.
Having discussed binding energies and corresponding gravimetric densities at high coverage, we now estimate the desorption temperature, T D , using van't Hoff equation, 
VI. DIMERIZATION OF ADSORBED Ti ATOMS
In a recent study Sun et al. 22 pointed out that the hydrogen storage capacity of Ti covered C 60 is reduced as a result of the dimerization of two Ti atoms adsorbed at hexagonal sites. Based on similar calculations they first found that the formation of Ti 2 dimers is energetically favorable. Furthermore, they showed that two H 2 out of eight H 2 molecules absorbed to Ti 2 dimer dissociate and hence storage capacity is reduced. Earlier, it was shown that the adjacent Ti atoms favor the dimerization upon the relaxation of the initial, uniform C 2 ͑Ti͒ coverage in which each hexagonal site is occupied by one Ti atom. 44 Here we examine the tendency for the dimerization of Ti atoms adsorbed on a graphene and on the ͑12,0͒ SWNT at different levels of coverage.
We first study the diffusion of a single Ti as a first step in any dimerization or clustering process. Since Ti atoms are preferably adsorbed at the hexagonal sites, we calculate the energy barrier as one Ti diffuses from one hexagonal site to the adjacent one. As a single Ti atom in ͑4 ϫ 4͒ supercell is moved along the x axis, its y and z coordinates and all atomic positions of underlying graphene are relaxed to minimize the total energy. In Fig. 4͑a͒ we calculated the energy barrier Q to be ϳ0.5 eV for the path from the hexagonal site to the minimum energy position at the bridge site. We note that the path from the hollow site to the top site has barrier energy 11 meV higher than the bridge site. The phonon frequency of the adsorbed Ti atom is low due to its big mass and is estimated from the potential energy given in This value is considered to be small. While the binding energy of a single Ti atom is 1.27 eV, the binding of the second Ti to the adjacent hexagonal site is found to be 2.59 eV in equilibrium. The coupling between two Ti atoms placed at the adjacent hexagonal site is very strong and leads to the formation of Ti 2 dimer. We see that the gain of energy by dimer formation relative to the energy of two Ti atoms adsorbed already on two distant hexagonal sites is ϳ1.32 eV. Sun et al. 22 found dimerization energy on C 60 as 1.29 eV.
We now consider two Ti atoms adsorbed on the hexagonal sites of the graphene ͑4 ϫ 4͒ supercell as shown in Fig. 4͑b͒ as initial state I. While the first ͑left͒ Ti atom moves to the right in increments of x, its y and z coordinates and all coordinates of the second ͑right͒ Ti atom are relaxed to minimize the total energy. At the unstable bridge site, the energy barrier is calculated to be Q = 0.26 eV. If the left Ti atom can overcome this barrier, it then jumps to the adjacent hexagonal site to form a dimer with second ͑right͒ Ti atom corresponding to state II. This analysis indicates that the Ti coverage to form a ͑2 ϫ 2͒ structure is stable and does not allow dimerization of Ti atoms by themselves. We also relaxed the regular ͑2 ϫ 2͒ pattern of the adsorbed Ti atoms using a ͑4 ϫ 4͒ graphene supercell, and hence lifted the possible constraints to be imposed by a relatively smaller ͑2 ϫ 2͒ supercell. We did not obtain any tendency toward dimerization of Ti atoms.
An interesting reconstruction of regular ͑2 ϫ 2͒ pattern of adsorbed Ti atoms has occurred when two adjacent arrays along ជ =− relative to the uniform structure in Fig. 2͑a͒ . However, the energy barriers to form zigzag chain is Q Ӎ 0.18 eV per Ti.
We also performed a similar analysis for the Ti atoms adsorbed on the zigzag ͑12,0͒ SWNT. For the diffusion of a single Ti atom adsorbed at the hexagonal site of ͑12,0͒ SWNT, there can be three different paths for the diffusion of Ti atom; namely, toward ͑i͒ one of the carbons, ͑ii͒ the bridge site of the C-C bond parallel to the tube axis, and ͑iii͒ the bridge site of the tilted C-C bond. The first ͑third͒ path has energy barrier Q slightly higher ͑lower͒ than the energy barrier of the second path. As an average value we consider that the energy barrier Q is calculated by minimizing the total energy relative to the y and z positions for each x position of the Ti atom moving toward the bridge site. In these calculations, two primitive unit cells of SWNT are included in the supercell with the minimum distance between two Ti atoms adsorbed to adjacent supercells being 8.5 Å ͑or c =2c 0 , c 0 being the optimized lattice parameter of SWNT͒. The energy barrier which is calculated to be 0.64 eV did not change significantly if the underlying SWNT is relaxed. For the reason discussed above, this barrier is high enough to yield relatively low diffusion constant for an adsorbed Ti atom. Using potential energy in Fig. 6͑a͒ we estimated the frequency Ӎ 4 ϫ 10 12 s −1 . The surface diffusion constant at room temperature is D = 1.2ϫ 10 −6 cm s −1 , with D 0 =6 ϫ 10 4 cm s −1 . We note that two Ti atoms which are placed to two adjacent hexagonal sites each corresponding to the equilibrium site of a single ͑isolated͒ Ti atom tend to form a dimer without energy barrier. Upon dimer formation, the total energy of the Ti 2 + SWNT system has lowered by 3.49 eV relative to a free Ti atom and a single Ti is adsorbed on the SWNT.
We next address the question whether there is an energy barrier, Q, if two Ti atoms were adsorbed at two hexagonal sites by leaving one hexagonal site free as shown in Fig. 6͑b͒ as initial state I. The total energy of the system described in Fig. 6͑a͒ as initial state is lowered by 1.69 eV upon the adsorption of a second Ti as shown in Fig. 6͑b͒ . However, this state corresponds to a local minimum. The transition from initial state I to the final state II in Fig. 6͑b͒ is examined by minimizing the total energy as the left Ti is moving toward the right bridge site. For each increment of x, the y and z coordinates of the left Ti and all coordinates of right Ti have been optimized. The energy barrier between initial and final states is found to be ϳ0.45 eV at the center of the bridge site. We found that the Ti 2 dimer can form only if the left Ti atom overcomes this barrier and jumps to the adjacent hollow site. Upon dimerization, the total energy is lowered by 1.79 eV.
Clearly, high Ti coverage of SWNT, such as C 2 ͑Ti͒ or C 4 ͑Ti͒ which allow two Ti atoms to be placed to adjacent hollow sites with strong Ti-Ti coupling, is vulnerable to the dimerization, whereas the uniform C 8 ͑Ti͒ coverage is stable and Ti atoms are prevented from dimerization by a significant energy barrier of 0.45 eV. This result clearly demonstrates that the argument by Sun et al. 22 based on the minimum energy configuration is not by itself sufficient to decide on the final stable configuration. Transition from the high energy to the low energy configuration may be hindered by an energy barrier. 45 
VII. CONCLUSION
In this study we examined the hydrogen storage capacity of Sc, Ti, and V adsorbed to various carbon-based structures in different geometries and dimensionalities; namely, linear C chain, graphene, and ͑12,0͒ zigzag SWNT. These structures can bind Sc, Ti, and V with comparable and significant chemisorption energy. Each adsorbed Ti can bind up to four or five H 2 molecules depending on the character of the bond it forms with underlying carbon-based structure. In the case of Ti-C n -Ti linear chain, H 2 uptake capacity is higher than that of Ti-SWNT due to the bond between Ti and adjacent single C atom. Sc and V atoms display also similar behavior as far as the number of H 2 they can hold, except the situation where Sc or V adsorbed on the external side of SWNT. While each Ti on the ͑12,0͒ SWNT can bind up to four H 2 , Sc and V can hold even five H 2 molecules for a specific absorption geometry. The storage capacity of these carbonbased structures, which are decorated by light TM atoms, is higher than generally accepted requirement of 6 wt % set for practical applications. The calculated average binding energies of H 2 usually range between 0.3 and 0.5 eV, which are convenient to store hydrogen molecules at room temperature and to discharge them upon heating. Estimated desorption temperatures indicate that carbon-based structures are convenient as far as recycling is concerned. This is a desirable characteristic for long term recycling of the storage medium. Since the bonding is molecular and therefore weak, we expect to see very fast kinetics in the course of the absorption and/or desorption process. We also showed that TM atoms adsorbed inside SWNT can bind multiple hydrogen molecules, which, in turn, may increase the storage capacity, if the internally adsorbed TM atoms are not vulnerable to clustering in the course of recycling. Finally, we found that the Ti 2 dimer can form only if the distance between two adsorbed Ti atoms is small and hence allows strong coupling between them at high coverage. However, in spite of the fact that the dimer has lower total energy, its formation is hindered by a significant energy barrier between distant Ti atoms. This result shows that the transition state analysis is needed to decide whether a low energy configuration can occur.
